The strong coupling constants of light pseudoscalar mesons with spin-3/2 and spin-1/2 heavy baryons are calculated in the framework of light cone QCD sum rules. It is shown that each class of transitions among members of the sextet spin-3/2 to sextet spin-1/2 baryons and that of the sextet spin-3/2 to spin-1/2 anti-triplet baryons is described by only one invariant function. We also estimate the widths of kinematically allowed transitions. Our results on decay widths are in good agreement with the existing experimental data, as well as predictions of other nonperturbative approaches.
Introduction
Theoretical and experimental studies of the flavored hadrons are among the most promising areas in particle physics. From theoretical point of view, this can be explained by the fact that the heavy flavored baryons provide a rich laboratory to study predictions of the heavy quark effective theory. On the other hand, these baryons have many weak and strong decay channels and therefore measurement of these channels can give essential information about the quark structure of heavy baryons. During the last decade, highly exciting experimental results have been obtained on the spectroscopy of heavy hadrons. All ground states of heavy hadrons with c quark have been observed [1] . The new states of heavy baryons are also discovered in BaBar, BELLE, CDF and D/ 0 Collaborations. The operation of LHC will open a new window for more detailed investigation of these new baryons [2] .
At present, we have experimental information on the strong one-pion decays for the Σ c [3] [4] [5] , Σ * c [4, 6] and Ξ * c [7, 8] baryons. The strong coupling constants of pseudoscalar mesons with heavy baryons are the main unknown parameters of these transitions. Therefore, a reliable estimation of these strong coupling constants in the framework of QCD receives great interest. At hadronic scale, the strong coupling constant α s (Q 2 ) is large and hence perturbative theory becomes invalid. For this reason, estimation of the coupling constants becomes impossible starting from the fundamental QCD Lagrangian and some nonperturbative methods are needed. Among many nonperturbative approaches, the QCD sum rule [9] is one of the most powerful method in studying the properties of hadrons. The main advantage of this method is that, it is based on fundamental QCD Lagrangian. In the present work, we estimate the strong coupling constants of pseudoscalar mesons in the transitions of spin-3/2 to spin-1/2 heavy baryons within light cone QCD sum rules method (for more about this method, see [10] ). Note that the strong coupling constants of pseudoscalar and vector mesons with heavy baryons in the spin-1/2 to spin-1/2 transitions are studied in [11] and [12] .
The rest of the paper is organized as follows. In section 2, the light cone sum rules for the coupling constants of pseudoscalar mesons with heavy baryons in spin-3/2 to spin-1/2 transitions are calculated. In section 3, the numerical analysis of the obtained sum rules is performed and a comparison of our results with the predictions of other approaches as well as existing experimental results is made.
2 Light cone QCD sum rules for the pseudoscalar mesons with heavy baryons in spin-3/2 to spin-1/2 transitions
In this section, the strong coupling constants of light pseudoscalar mesons with heavy baryons in spin-3/2 to spin-1/2 transitions are calculated. Before making an attempt in estimating these coupling constants, few words about SU(3) f classification of heavy baryons are in order. Heavy baryons with a single heavy quark and two light quarks can be decomposed into two multiplets, namely, sextet 6 F and anti-triplet3 F due to the symmetry property of flavor and color structures of these baryons. This observation leads to the result of total spin J P = (3/2) + or (1/2) + for 6 F and J P = (1/2) + for3 F . In the present work, we consider J = 3/2 states in 6 F and investigate sextet to sextet (S * SP) and sextet to anti-triplet (S * AP) transitions with the participation of light pseudoscalar mesons, where S * , S and A stand for sextet with spin-3/2, sextet with spin-1/2 and anti-triplet spin-1/2 states, respectively.
We now pay our attention to the calculation of the strong coupling constants of pseudoscalar mesons with heavy baryons in spin-3/2 to spin-1/2 transitions. To derive the light cone sum rules for S * SP and S * AP transitions we consider the following general correlation function:
where η (i) (x) are the interpolating currents of the heavy baryons with spin-1/2 in sextet (i = 1) and anti-triplet (i = 2) representation andη µ is the interpolating current for the sextet J P = 3 + /2 states. The correlation function (1) can be calculated in terms of hadrons (phenomenological part) and in terms of quark-gluon degrees of freedom in deep Euclidean region, i.e., when p 2 → −∞. Equating then these representations of the correlation function using the dispersion relation, we get the sum rules for strong coupling constants of light pseudoscalar mesons with heavy baryons.
We proceed by calculating the phenomenological part of the correlation function. The expression for the phenomenological part is obtained by saturating it with the full set of hadrons carrying the same quantum numbers as the corresponding interpolating current. Isolating the contributions of the ground state baryons, one can easily obtain
where m 1 and m 2 are the masses of the initial and final heavy baryons, p+q and p represent their four-momentum, respectively, and dots represent contributions coming from higher states and continuum. It follows from Eq. (2) that in obtaining the phenomenological part of the correlation function, the matrix elements, 0 η (i) (x) B ( p) , B(p)P (q) | B(p + q) and B(p + q) |η µ (0)| 0 are needed. These matrix elements are determined as follows:
where λ 2 and λ 1 are the residues of spin-1/2 and spin-3/2 heavy baryons, respectively, g is the coupling constant of heavy baryons with pseudoscalar mesons, and u µ is the RaritaSchwinger spinor. Using Eqs. (3) and (2) and performing summation over spins of spin-1/2 and spin-3/2 baryons,
in principle, one can obtain the expression for the phenomenological part of the correlation function. But at this point appear two unpleasant problems: a) The spin-1/2 baryons also contribute to the matrix element 0 |η µ | B(p, 3/2) of spin-3/2 baryons (see also [11] ). Indeed,
hence, the current η µ couples to both spin-3/2 and spin-1/2 states. Using Eqs. (2), (4) and (5), one can see that the unwanted contributions coming from spin-1/2 states contain structures proportional to γ µ at the far right end or (p + q) µ . b) The second problem is related to the fact that the structures which appear in the phenomenological part of the correlation function are not all independent. Both these problems can be removed by ordering the Dirac matrices in a specific form. In this work, the Dirac matrices are ordered in the form / q/ pγ µ and the coefficient of the structure /µ is chosen in order to calculate the aforementioned strong coupling constant, which is free of the spin-1/2 contributions. Using the ordering procedure, we get the following representation for the coefficient of the selected structure in the phenomenological part:
In order to obtain sum rules for the coupling constant appearing in Eq. (6), we need to calculate the correlation function also from the QCD side. Before calculating it, we shall first find the relations among the correlation functions corresponding to different transition channels. In more concrete words, we shall find the relations among the coefficient functions of the structure /µ for different transition channels. For this purpose we follow an approach whose main ingredients are presented in [14] [15] [16] [17] .
In obtaining the relations among the correlation functions describing various spin-3/2 to spin-1/2 heavy baryon transitions, as well as, in obtaining the theoretical part of QCD sum rules, the forms of the interpolating currents are needed. In constructing the interpolating currents, we will use the fact that the interpolating currents for the particles in sextet (anti-triplet) representations should be symmetric (antisymmetric) with respect to the light quarks. Using this fact, the interpolating current for baryons in sextet representation with J = 3/2 can be written as:
where A is the normalization factor, a, b and c are the color indices. In Table 1 , we present the values of A and light quark content of heavy spin-3/2 baryons. The general form of the interpolating currents for the heavy spin-1/2 sextet and antitriplet baryons can be written as ( for example see [18] ): where β is an arbitrary constant and β = −1 corresponds to the Ioffe current and superscripts s and a stand for symmetric and antisymmetric spin-1/2 currents, respectively. The light quark content of the heavy baryons with spin-1/2 in the sextet and anti-triplet representations are given in Table 2 . After introducing the explicit expressions for the interpolating currents, we are ready now to obtain the relations among the correlation functions that describe different transitions. It should be noted here that the relations which are presented below are independent of the choice of structures, while the expressions of the correlation functions are all structure dependent.
In order to obtain the relations among the correlation functions responsible for different transitions, we consider the Σ * 0
0 and Σ * 0 → Λπ 0 transitions which describe sextet spin-3/2 to sextet spin-1/2 and sextet spin-3/2 to anti-triplet spin-1/2 transitions, respectively. These invariant functions can be written in the general form as
where superscripts (1) and (2) correspond to S * SP and S * AP transitions, respectively. The interpolating current for π 0 is written as:
It follows from this expression that,
The invariant functions Π
and b quarks, respectively, and they are formally defined in the following way:
Remembering the fact that the interpolating currents for sextet spin-3/2 and sextet spin-1/2 baryons are symmetric with respect to the exchange of light quarks, while the interpolating currents for spin-1/2 anti-triplet baryons are antisymmetric, we can write,
Using these relations and Eqs. (9) and (11), we get, 
The 
Calculation of the coupling constants of the sextet spin-3/2 to sextet and anti-triplet spin-1/2 transitions with other pseudoscalar mesons can be done in a similar way as for the π 0 meson. Note that in our calculations, the mixing between η and η ′ mesons is neglected and the interpolating current of η meson has the following form:
that gives,
, and 
The invariant function responsible for the Ξ * 0
b η transition can be written as:
The relations among invariant functions involving charged pseudoscalar π ± mesons can be obtained from previous results by taking into account the following arguments. 
making the replacement u ↔ d in Eq. (21), we get
All remaining relations among the invariant functions responsible for the spin-3/2 and spin-1/2 transitions involving pseudoscalar mesons are presented in the Appendix. After establishing the relations among the invariant functions, we now proceed by calculating the invariant functions from QCD side in deep Euclidean region −p 2 → ∞, −(p + q) 2 → ∞, using the operator product expansion (OPE). The main nonperturbative input parameters in the calculation of the theoretical part of the correlation function are the distribution amplitudes (DAs) of the pseudoscalar mesons. These (DAs) of the pseudoscalar mesons are involved in determining the matrix elements of the nonlocal operators between the vacuum and one pseudoscalar meson states, i.e., p(q) |q(x)Γq(0)| 0 and p(q) |q(x)G µν q(0)| 0 , where Γ is any Dirac matrix. The DAs of pseudoscalar mesons up to twist-4 accuracy are given in [19] .
In the calculation of the theoretical part of the correlation function, we also need to know the expressions of the light and heavy quark propagators. The light quark propagator, in presence of an external field, is calculated in [20] :
where γ E ≃ 0.577 is the Euler constant, and Λ is the scale parameter. In further numerical calculations, we choose it as Λ = (0.5 ÷ 1) GeV (see [21, 22] ). The heavy quark propagator in an external field has the following form: (24) where S f ree Q (x) is the free heavy quark operator in x-representation, which is given by:
where K 1 and K 2 are the modified Bessel function of the second kind. Using the explicit expressions of the heavy and light quark propagators, as well as, definition of the DAs of the pseudoscalar mesons, the correlation function can be calculated from the QCD side. Choosing the coefficient of the structure /µ from both sides of the correlation function and applying double Borel transformations with respect to the variables −p 2 and −(p + q) 2 , in order to suppress the contributions of higher states and continuum, we get the sum rules for the strong coupling constants of pseudoscalar mesons with sextet spin-3/2 and spin-1/2 heavy baryons as:
where M 1 , which is obtained as:
where,
The Dα i = dαqdα q dα g δ(1 − αq − α q − α g ), q 1 and q 2 are the light quarks, Q is the heavy quark, the subscript P stands for pseudoscalar meson and the functions A ,
A and B are the DAs with definite twists for the pseudoscalar mesons. To shorten the above expression, we have ignored the light quarks masses as well as terms containing gluon condensates, but we take into account their contribution when doing numerical analysis. The continuum subtraction is performed using results of the work [15] .
Numerical analysis
This section is devoted to the numerical analysis of the strong coupling constants of mesons with spin-3/2 and spin-1/2 heavy baryons. The main input parameters for performing numerical analysis are the DAs of the light pseudoscalar mesons, whose expressions are presented in [19] . The other input parameters appearing in the sum rules are,= −(0.24 ± 0.001) In the sum rules for the strong coupling constants of light pseudoscalar mesons with heavy baryons, there are three auxiliary parameters, namely Borel mass M 2 , continuum threshold s 0 and the arbitrary parameter β in the expressions of the interpolating currents of spin-1/2 baryons. It is clear that, any physical quantity, like the aforementioned strong coupling constants, should be independent of these auxiliary parameters. Therefore, we try to find so called "working regions" of these parameters, where g B * BP is practically independent of them. The upper limit of M 2 can be obtained by demanding that the higher states and continuum contributions contribute less than, say, 50% of the total dispersion integral. The lower bound of M . From these figures, we see that the coupling constants for these transitions exhibit good stability when M 2 is varied in the above mentioned "working region". Depicted in Figs. 2 and 4 are the dependences of the same coupling constants on cos θ at several fixed values of s 0 and at M 2 = 8 GeV 2 , where β = tan θ. From these figures, we observe that when cos θ is varied in the domain −0.3 ≤ cos θ ≤ 0.5, the coupling constants show rather stable behavior and they also have very weak dependence on s 0 . Similar analysis for the strong coupling constants of all S * SP and S * AP is performed and the results are presented in Tables 3 and 4 , respectively. For completeness, in these Tables we also present the predictions of the Ioffe current (β = −1) for these coupling constants. Here, we would like to remind that, our obtained domain for cos θ lies inside the more wide interval obtained from analysis of mass sum rules for heavy non strange baryons in [18, 24] .
Note that only few of the presented coupling constants can be measured directly from the analysis of the decays, and the remaining coupling constants can only be measured, [4] and [6] ). Using the matrix element for the 3/2 → 1/2π transition, i.e.,
one can easily obtain the following relation for the corresponding decay width:
where | q| is the momentum of the π meson. Using the values of the coupling constants from Tables (3) and (4), and also Eq. (30), we can easily predict the values of the corresponding decay widths. Our predictions on these decays, the experimental results, as well as predictions of other approaches on these coupling constants are presented in Table 5 . From this Table, we see that our predictions on decay widths for the above-mentioned kinematically allowed transitions are all in good agreement with the existing experimental results and the prediction of other approaches. In summary, we calculated the strong coupling constants of spin-3/2 to spin-1/2 transitions with the participation of pseudoscalar mesons within LCSR. Our analysis shows that all S * SP and S * AP couplings are described by only one invariant function in each class of transitions. Moreover, we estimated the widths of the kinematically allowed transitions, which match quite good with the existing experimental data, as well as predictions of other approaches. Appendix A :
In this appendix we present the expressions of the correlation functions in terms of invariant function Π • Correlation functions describing pseudoscalar mesons with sextet-sextet baryons. 
